Using a Hei line 58.4 nm source lamp, photoelectron angular distributions were measured for the series of four olefins: ethylene, isobutylene (2-methyl-propene), trimethylethylene (2-methyl-2-butene), and tetramethylethylene (2,3-dimethyl-2-butene). From these, the asymmetry parameter 13 as a function of photoelectron energy was obtained for each of these molecules. The following important effects in the 
I. INTRODUCTION
The assignment of the structure observed in the vacuum ultraviolet photoelectron spectra of polyatomic molecules is complicated by the high density of ionic electronic states in the ionization potential range 8-20 ev. Nevertheless, in the orbital approximation, 1 each band in a molecular photoelectron spectrum corresponds to ionization from a particular molecular orbital.
Several experimental approaches have been useful for the assignment of struc'ture in photoelectron spectra. These include analysis of vibrational fine structure, 1 • 2 comparison of photoelectron spectra of related compounds, 3 - 5 and the observation of the variation of band intensities with photon energy. s- 9 Analysis of vibrational structure is normally only possible for simple molecules. For polyatomic molecules, Franck-Condon factors linking the ground neutral states to many different modes of vibration of the ions are frequently important. The high density of vibrational states of such polyatomic ions makes their resolution in photoelectron spectroscopy very difficult. Commonly studied series of related molecules involve varying degrees of substitution of hydrogen atoms by bulky alkyl groups or by highly electronegative fluorines. The resulting substituent effects must be interpreted with caution, 5 since it is easy for those substituents to grossly perturb geometries and electronic densities. The study of band intensity variation with photon energy has firm theoretical grounds only in the energy range well above 100 eV, 6 though it has been applied for comparisons of Hei and Hell spectra. 7, 8 For polyatomic molecules, these several ap- proaches are frequently insufficient for making reliable photoelectron band assignments.
In the past ten years, a new and promising experimental technique has been developed and used as an aid in such assignments: the measurements of photoelectron angular distributions and of the corresponding anisotropy parameters, 13 . In 1968, Hall and Siegel 10 found that ejected electron angular distributions in the laser photodetachment of H' and o-were very much different.
Their data were theoretically attributed by Cooper and Zare 11 to the s character in the H-electrons and the P character of the outer shell o-electrons.
A similar dependence of the anisotropy parameter on orbital angular momentum has been found for the photoionization of polyatomic molecules. It is expected that this parameter will also depend on other characteristics of the molecule's electronic structure. Since their calculation presents great practical difficulties, it is appropriate to find the factors influencing (3 by using an empirical approach. If empirical rules governing the behavior of (3 can be found, they can be used to help assign the structure in photoelectron spectra. Such assignments are useful for the assessment of different molecular quantum mechanical calculations of the energies of electronic states of ions. Different calculations sometimes result in conflicting assignments of the energy ordering of those states.
Carlson et al. 12 • 13 have compared angular distributions of molecular photoelectrons arising from a given molecular orbital to values of the most probable angular momentum in a single center expansion of that orbital. As Rabalais et al. 14 have pointed out, this correlation can be theoretically justified only for ionizations yielding photoelectrons of high energies. To date, most experimental angular distribution studies of molecules have focused on the ionization of valence electrons within 15 eV of threshold, and do not satisfy this condition. It is appropriate to search for additional kinds of correla-FIG. 1. Block diagram of variable angle photoelectron spectrometer. He, cylinder of UHP (ultra high purity) helium; ZT, liquid nitrogen immersed zeolite trap for lamp helium supply; BR, lamp ballast resistor; LPS, lamp de power supply; SC, sample chamber; PC, photocathode for light flux measurements; CL and ML, electron lens elements; ANALYZER, hemispherical electrostatic electron energy analyzer; S, Spiraltron channel electron multiplier; CPS and APS, power supplies for Spiraltron channel electron cathode and anode; R, C, differentiating network for Spiraltron pulses; PDP8/e, Digital Equipment Corporation PDP8/e minicomputer; INTER, counting system interface to experiment; OUTPUT, computer output devices to user.
tions between the behavior of (3 and electronic structure properties.
In this spirit, we present in the present paper the results of a series of experimental measurements of photoelectron angular distributions of ethylene, isobutylene (2-methyl-propene), trimethylethylene {2-methyl-2-butene), and tetramethylethylene (2, 3-dimethyl-2-bu- 16 have made analogous measurements on ethylene, propylene, and cis-and trans-2-butene. These two series of molecules jointly provide (3 parameters for ethylene and all of its methyl-substituted derivatives. This permits a detailed examination of the effect of methyl substitution in this series of related molecules.
II. EXPERIMENTAL
The experimental apparatus has been described in detail previouslyl 7 and is summarized here only briefly . It consists of a windowless helium glow discharge lamp (mainly 58.4 nm) and a rotatable electron energy analyzer. The latter incorporates a 6. 350 em mean radius hemispherical electrostatic analyzer having a 1. 270 em radial gap/ 7 electrostatic lenses, and an electron multiplier detector. The entire analyzer is mounted on a worm gear which is rotated about a horizontal axis, and is attached to a sample chamber which is normally filled with 3-5 mTorr of the sample gas under study. The photoelectron intensity is measured as a function of electron energy using a minicomputer-based data acquisition system. A block diagram of the apparatus is given in Fig. 1 .
Sample materials were obtained from the following sources and at the manufacturer stated minimum purities indicated in parentheses: ethylene (J. T. Baker, CP 99. 5%), isobutylene {Matheson, CP 99%), 2-methyl-2-butene (trimethylethylene) (Aldrich, 99 +%), and 2, 3-dimethyl-2-butene (tetramethylethylene) (Aldrich, Gold Label 99 + %). Full spectra of these compounds were taken at the magic detector angle of 54. 7o with respect to the light axis and are reproduced in Figs. 2 spectra of ethylene and isobutylene display the same structure as previously published high resolution photoelectron spectra.
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Liquid samples were degassed by several freezepump-thaw cycles before use. Gas samples were distilled from the gas cylinder into a liquid nitrogen-immersed cold finger-and were further degassed by several freeze-pump-thaw cycles. The glass manifold which constituted the inlet system was baked in a glassblower's annealing oven between successive samples in order to avoid cross contamination.
Spectra were taken at an analyzing energy of 1. 5 eV. The corresponding resolution, as measured at the 2 P 312 peak of argon, was 30-35 meV full width at half maximum (FWHM). The electron energy scale was calibrated with the argon 2 P 312 peak at 15. 759 eV ionization potential. Furthermore, the linearity of the energy scale was verified with the help of a spectrum of a mixture containing approximately equal amounts of ethylene, xenon, and argon.
Total data acquisition times averaged about 100 h per substance. This included the time required for obtaining a full 54. 7° spectrum, angular distributions covering detector angles of 40°-120° in increments of 10°, and a background spectrum at each of these nine angles. Each spectrum in the angular distribution consisted of intensity measurements which scanned an interval of electron kinetic energies of width 0. 5 to 1. 5 eV using 80-160 channels for data storage. During that period of four days, the lamp flux, as measured with a tungsten photocathode mounted in the sample chamber, did not vary by more than 5%. Over shorter periods of 6-10 h during which an angular distribution was run, the lamp flux typically did not vary by more thari 1%. The positions of sharp features in the spectrum did not change by more than 0. 01 eV over 6-10 h.
Spectral intensities at each of the nine angles and at each channel of the spectrum were then fitted to the theoretical expression
where 8 is the angle between the directions of the incident (unpolarized) light beam and of the ejected photoelectron, /(8) is the photoelectron intensity corrected for the volume of intersection of lamp and detector view cones at each 8 and compensated for the linear variation of counting rate with sample pressure, Q is the integral photoionization cross section, a is an instrumental sensitivity constant, and 13 is the fitted asymmetry parameter. The latter must lie in the range of -1 to + 2. The photoelectron intensity is also corrected for an energy parameterized background which is different at each detector angle. Photoelectron angular distributions were measured over at least a 10 eV range starting below the first adiabatic ionization potential (I. P. ). Intensities at electron energies corresponding to ionization potentials above 19 eV were in general too low for the molecules used in this study to yield adequate signal to background ratios.
Ill. RESULTS

A. Ethylene
The low resolution 58. 4 nm photoelectron spectrum of ethylene was first published in 1964. 22 Since that
r- They consist of five vibrationally structured bands, the first four of which are displayed in Fig. 2 . The first band, at a vertical ionization potential of 10. 51 eV, corresponds to the loss of a carbon-carbon bonding 11 electron, as is typical of unsaturated hydrocarbons. 24 Features at vertical!. P. 's of 12. 82, 14, 69, and 15.90 eV correspond to the loss of a orbital electrons. All three of these a bands correspond to the loss of electrons which are at least partially CH bonding, as indicated by analyses of their vibrational structure.
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23 However, the one at 14. 69 eV is due to ionization from a predominantly C-C bonding orbital. The fifth band appears near 19 eV and is extremely weak.
18 As a result, we did not attempt to obtain angular distributions for it. Table I contains the J.P.'s, the symmetry, and bonding characteristics of the orbitals from which ionization occurs, and our values of f3 as well as those of White et al. 16 As previously observed/ 
B. lsobutylene
The high resolution 58.4 nm photoelectron spectrum of isobutylene has been published previously only by Kimura et al. 19 and by Wiberg et al. 20 and consists of five distinct bands and is shown in Fig. 3 . The only bands which display vibrational structure are those at vertical ionization potentials of 9. 45 and 17. 27 eV. The former corresponds to ionization of a 11 electron and has a C==C stretching frequency of (1400± 50) cm-1 • The latter corresponds to the removal of an electron from an orbital with a large amount of 2s character and shows a CH, deformation frequencf 5 <a> of (1350± 50) cm· 1 • Kimura and collaborators 19 have performed equivalent orbital 26 calculations for isobutylene. From their results, their spectrum, and the sum rules inherent in that method of calculation, they identify seven C2pa bands in the range of ionization potentials 11-17 eV. These have varying degrees of CH and CC bonding character. Wiberg et al. 20 further assign the in-plane C2pa structure on the basis of an ab initio calculation. Their results disagree with those of Kumura et al. 19 on the energy ordering of the 7a 11 3b 2 , and lb 1 bands. The reliability of the sum rules and the inherent error of the scaled ab initio results (-0. 22 eV) support the Kimura suggestion that the 1 b 1 ionization (out of plane) lies at -15. 7 eV, which falls in the high I. P. end of the C2pa region. Table II contains selected ionization potentials (some of which are identified by Kimura et al.
19 <1l), the characteristics of the orbitals from which ionization occurs, and our values of {3. The value of this parameter for the 11 ionization (0. 75) is noticeably higher than that for the a electron (0. 25) at an I. P. of 11. 81 eV.
In Fig. 6 we plot [3 against photoelectron kinetic energy E. for the 2Pa I. P.'s listed by Kimura et al. 19 <ol Most of the points fall on a straight line, but the one at the lowest energy, (corresponding to the shoulder in the spectrum of Fig. 3 at 15.7 eV) is significantly below it. An interpretation of this behavior is given in Sec. IVC.
C. Trimethylethylene
The high resolution photoelectron spectrum of trimethylethylene is given in Fig. 4 . The only previous photoelectron study of this molecule was published by Frost and Sandhu 27 and Bieri et al. 28 Frost and Sandhu derived adiabatic and vertical I. P .'s from low resolution retardation analysis spectra. Bieri et al. make assign- ments only for the three bands at lowest I. P. and the C2sa structure lying above 16 eV. The only distinct vibrational fine structure occurs in the 11 band (which has a vertical I. P. of 8. 86 eV) and, by analogy to ethylene, corresponds to a C=C stretch with frequency (1450± 50) cm· 1 • The spectrum contains a weak isolated feature with a vertical I. P. of 16.83 eV, corresponding probably to the lowest I. P. band associated with the removal of an electron with extensive carbon 2s character. As justified in Sec. IV A, we expect to have in this molecule nine P-type ionizations at I. P .' s between those of the 11 band and of the lowest C2sa band. By analogy to ethylene, the corresponding C2pa orbitals should have varying degrees of CH and CC bonding character. The feature peaking at 11.35 eV assigned 28 as 16a' seems isolated from the rest and corresponds possibly to a single band. The peak at 15. 60 eV is relatively weak and the corresponding integrated band intensity is also associated with the ionization from only one orbital. On this basis, seven overlapping ionization bands should lie in the I. P. range of about 12.0 eV to about 15.3 eV. The lowest of these, at 12. 55 eV, has been assigned 28 as 15a'.
In Table Ill we give selected I. P.'s for trimethylethylene, since the extensive band overlap in the 10.6 to 16.6 eV region of the spectrum makes it difficult to identify the position of all nine bands expected in that region. In addition, that table contains the characteristics of orbitals from which ionization occurs, according to the present tentative assignments, and the values of f3 for the I. P .'s indicated. The f3 value for the 11 ionization is again higher than that of the lowest lying 2Pa ionization measured at the vertical I. P. of 11.35 eV. Experimental {3 values measured at peaks and slope breaks of the 2Pa region between 10.6 and 16.6 eV I. P. are plotted as a function of the corresponding electron energy in Fig.  7 . The points lie on a straight line, with one exception.
The i3 corresponding to the peak at 15. 60 eV I. P. is anomalously low, and this behavior is discussed in Sec. IVC.
D. Tetramethylethylene
The high resolution photoelectron spectrum of tetramethylethylene is shown in Fig. 5 . The only previous photoelectron investigations of this molecule were, as for the trimethylethylene, the studies of Frost and Sandhu 27 and of Bieri et al. 28 Vibrational fine structure occurs only for the 11 band at 8. 44 eV I. P. and corresponds to a C=C stretch with frequency (1430± 50) cm· 1 The spectrum contains an isolated feature with maximum intensity at 10. 96 eV I. P., corresponding to the removal of a 2pa electron of undetermined CHand CC character since its vibrational structure is not resolved.
Bieri et al. 28 have assigned this feature as 4b 31 region between 11.7 and 15.5 eV may contain nine extensively overlapping features.
In Table IV we list selected I. P .'s for tetramethylethylene since, as for trimethylethylene, extensive band overlap is expected in the C2Pa region of the spectrum, making the identification of all the corresponding bands very difficult. The table also contains orbital characteristics and values of {3. The {3 value for the 11 ionization is now only slightly higher than that measured at the peak of the lowest lying 2pa ionization. A plot of {3 values at selected peaks and shoulders of the 2pa region between 10 to 16 eV vs photoelectron energy is displayed in Fig. 8 . Once more, the points lie on a straight line with one exception. The {3 corresponding to the peak at 15.85 eV ionization potential is anomalously low, for reasons given in Sec. IVC.
IV. DISCUSSION
A. Number of expected C2pu bands
The number of valence C2pa bands in the series of molecules considered in this paper can be obtained without any energy eigenvalue calculations as follows. Noncyclic mono-olefins have the generic formula C"H 2 n. There are four valence electrons per carbon and one per hydrogen in these compounds. The total of 6n such electrons is distributed into 3n bonds, resulting in 3n valence photoelectron bands. The C2sa bands in general occur at higher I. P. than the 11's or C2Pa's. 19 <b>, <c> The C2sa orbitals form a special class of hydrocarbon molecular orbitals which are principally linear combinations of the C2s atomic orbitals. The number of independent linear combinations of such orbitals is n, resulting inn C2sa valence photoelectron bands. 19 <c> Thus, the number of the remaining C2p7T and C2pa bands must be 2n. For each of the olefins studied here, the I. P. of the single 11 orbital is more than 1 eV below that of the lowest a I. P. In addition, the lowest C2sa I. P. is greater than the highest C2pa one. 19 <b>, <c> Under these conditions, the structure in the C2pa region must include 2n-1 bands and is bracketed between the 7T and the lowest C2sa bands. Consequently, there should be three C2pa bands in ethylene, seven in isobutylene, nine in trimethylethylene, and 11 in tetramethylethylene. This is the basis for the enumeration of bands in Sec. III.
B. Electron kihetic energy dependence of (3
Bands arising from ionization of orbital electrons of similar bonding character (11, 2pa, or 2sa) might be expected to show similarities in {3. The following information is available for investigation of these similarities: variation of {3 across individual isolated bands, variation of {3 among photoelectron bands of similar type, and a comparison of {3 among corresponding bands of structurally similar molecules. We proceed to analyze this information.
tr bands
Examination of Figs. 2-5 reveals that {3 varies with electron kinetic energy across the 11 band. In the ab- sence of autoionization, this variation can be interpreted as follows. Within the framework of the Born-Oppenheimer approximation and the Franck-Condon principle, the ratio of the intensities of any two vibrational peaks of a given electronic band should equal the ratio of the corresponding Franck-Condon factors. This implies that this ratio should be independent of detector angle, and therefore that f3 should be the same for all vibrational peaks of an electronic band. 29 However, photoelectrons corresponding to formation of these different peaks have different kinetic energy and can therefore have slightly different values of f3 due to the variation of this parameter with electron kinetic energy. 13 We have studied such variations with the present apparatus over the A 2 n. state in N2 30 and the A 2 II state in C0. 31 The variation of {3 across a given electronic band can be used to infer the variation of f3 for a fixed vibrational transition with electron kinetic energy (i.e., with photon energy) if autoionization does not occur. As seen previously in the 73. 6 nm spectra of N 2 and ~. autoionization grossly distorts Franck-Condon envelopes. 30 • 32 If the lifetime of an autoionizing state exceeds one molecular rotation, preferred directions in space are averaged out and f3 tends to zero, as Carlson has discussed. 33 Measured f3 values at photoelectron peaks which are enhanced due to autoionization are closer to zero than values measured in the absence of autoionization. The vibrational envelopes of the first 11 band of isobutylene, trimethylethylene, and tetramethylethylene bear strong resemblance to each other and to those of isomeric butenes studied by Kimura et al. 19 and White et al. 16 All these molecules show a minor decrease in (3 with increasing vibrational excitation in the ion. The presence of autoionization usually manifests itself in irregular vibrational envelopes and in a rapid and at times nonmonotonic variation of {3 with vibrational peak. The absence of such effects in these 11 bands suggests that they are not affected by autoionization.
The variation of f3 with electron kinetic energy (E 8 ) across the 11 band of ethylene and all of the methyl-substituted ethylenes is given in Fig. 9 and Table V . We see that d{3/dE 6 ranges from -0.1 ev-1 for propylene to 0. 4 ev-1 for cis-2-butene, with more than half of the values lying between 0. 1 and 0. 2 ev-1 • The variability of this derivative parameter among the 11 bands of these related molecules precludes its usefulness as a means of identification of 11 bands. The rather large value of 0. 4 ev-1 for d(3./dE in cis-2-butene is matched by an equal value for this parameter in benzene.
34 Another interesting 11 electron system which permits an evaluation of the variation of (3. with E 6 over a rather wide energy range is 1, 3-butad~ne. This molecule has two 11 bands, one due to ionization of a b 1 electron with a vertical I. P. of 9. 0 ev and the other from an a,. ionization at 11. 5 eV.
The corresponding values of (3 are 0. 95 and 0. 75, respectively . 16 The slope of 0. 08 ev-1 for the interpolated line matches the value of df3./dE across the b 1 band itself. Therefore, this slope is approximately constant over the wide energy range of 2. 5 eV.
In order to compare the value of f3. among the different related molecules being considered, it would be desirable to do so at the same electron kinetic energy, such as 10. 71 eV (= 21.22 eV minus the vertical 7T I. P. of ethylene). In the absence of being able to vary the incident photon energy to achieve this objective, we use instead a linear extrapolation of the {3(E 6 ) lines of Fig. 9 . The constancy of d{3./dE 6 for 1, 3-butadiene over the wide energy range just mentioned indicates that such an extrapolation is reasonable, since the largest extrapolation step for the whole set of molecules being considered is only 1. 4 eV (for tetramethylethylene). The corresponding extrapolated values of {3 are given in Table V and displayed in Fig. 10 as a function of the number n of methyl substituents. were extrapolated to the photoelectron kinetic energy of 10.71 eV corresponding to the vertical!. P. of ethylene (see Table V ).
In comparisons of {3. with or without extrapolation to the same electron kinetic energy we notice that {3. is a strongly decreasing function of n. This was first noted by White et al. 16 in their study of ethylene, propylene, and cis-and trans-2-butene. In contrast to the behavior of {3 for 2Pa and 2sa ionizations, values of {3. do not lie within error bars of each other. The extrapolation of {3. to 10. 71 eV electron energy accentuates the decrease in {3. with increasing methyl substitution. A possible explanation of the dependence of {3. on n is examined in Sec. IVC.
2pa bands
For each of the molecules considered, {3 varies slowly with I. P. across the 2pa bands (see Figs. 2-5 ). There- -----,------r------r----.----.--r--- cis-and trans-2-butene are from Ref. 16. fore, it may be assumed that these bands are the result of direct photoionization processes.
As pointed out in Sees. Ill B-IIID and displayed in Figs. 6-8, {3 decreases with increasing E 8 (i.e., decreasing I. P. ) over most of the 2pa I. P. range for isobutylene, trimethylethylene, and tetramethylethylene. White et al. 16 had previously noticed this trend in ethylene, propylene, and several of the isomeric butenes. Let us attempt to rationalize this rather general behavior of this family of molecules.
Taking isobutylene as a typical case, we expect an assortment of Al> A 2 , and B 2 excited ionic states toresult from the photoionization process. In the orbital approximation/ each band corresponds to the photoejection of an electron from a a molecular orbital. Although belonging to different symmetry groups, these a orbitals all have some C-C and $Orne C-H bonding character. In the photoionization of atoms, the angular momentum quantum number l of the initial atomic orbital from which the electron is photoejected significantly influences the electron kinetic energy dependence of the corresponding f3. 21 For a given principal quantum number, the value of l also determines the number of nodal surfaces of that atomic orbital. Similarly, we expect that for nl>.. molecular orbitals (such as 2pa), the point symmetry to which these orbitals belong (and which defines its nodal characteristics) would also strongly influence the dependence of the corresponding f3 on E 8
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We therefore expect that all ionizations from nl>.. orbitals of a given r symmetry to have a similar electron energy dependence of f3. For and azu symmetry. This is in agreement with our observation that, within a given orbital type (2pa for the methylethylenes and rr, r, s, or t for benzene), the electron energy variation of {3 is independent of the symmetry group to which the initial electron molecular orbital belongs.
In order to analyze the behavior of the i32J>., (E 8 ) curves for the family of molecules being considered, all of these curves are plotted together in Fig. 11 . (For simplicity, we omit the points corresponding to the lowest E 8 for each of these molecules. These are discussed separately in Sec. IVC.) Results from the study of propylene and cis-and trans-2-butene of White et al. 16 are included for completeness. Significantly, all lines are parallel and close to one another: The values of {3 for any given E 8 lie within± 0.15 of their average, being almost equal within the experimental error of about 0.1. This result is striking in view of the diverse collection of molecular symmetry groups (C 2 .,, C 2 h, c., D 2 h) represented and suggests that the variation of i32J>u with E 8 is very much independent of molecular symmetry. The reason for this behavior may be the planar character of all of the a molecular orbitals from which the electrons are photoejected.
2sa bands
The similarities observed in the electron energy dependence of 13. and i3pa suggest that curves analogous to those of Figs. 9 and 11 for ionization of electrons from carbon 2sa orbitals should show some clear common trends as well.
The assignment of the highest I.P. band in the 58.4 nm photoelectron spectra as due to ionization of the least tightly bound carbon 2s electron is based on similarities in peak positions for families of hydrocarbons.25•36'37 As seen in Figs. 3-5, this band shifts to lower I. P. with increasing molecular size. Because of their higher I. P .'s, more tightly bound carbon 2s bands usually do not appear in 58.4 nm spectra. 25 As a result, the variation of {3 with electron energy for carbon 2s bands can only be obtained, over the limited energy range provided by the width of a single band. For the series of molecules we studied, poor signal-to-background ratios yield large error bars for j1 and we notice only the absence of gross variations across each 2s band. In Fig. 12 we plot the Pzn values as a function of electron energy for the family of six methylated ethylenes, including the three of the present study and the three of White et al. 16 The error bars for the latter were estimated from their Figs. 2-4. With the exception of propylene, the variation of p 2 _, across this series of molecules is apparently slight.
The behavior of {3 2 _, described above is consistent with the results for the energy dependence of s-type bands in the benzene study mentioned earlier . 34 Reported values of {3 for that molecule of 0. 5 for the 2b 1 u band at 15. 5 eV I. P. and 0. 70 for the 2e 21 band at 18. 9 eV I. P. indicate a slight energy dependence of the asymmetry parameter.
C. Effects of a-1r mixing
We attribute the decrease of Pr (see Figs. 9 and 10) with increasing methyl substitution to the mixing of 11 and a orbitals called hyperconjugation 38 or through-bond interaction. 39 We believe that this mixing is also responsible for the increase of f3~" with photoelectron energy in the lower energy range (around 5. 5 eV) of Figs. 6-8.
A quantitative mixing model
Theories which have been used to study hyperconjugation include the linear combination of bonding orbitals method (LCB0),
•
40 the structure representation theory, 41 and the group orbital method 27 and are all based on the equivalent orbital theory of Hall and Lennard-Jones. 26 This phenomenological theory has been extensively used previously in photoelectron spectroscopy to predict vertical ionization potentials on the basis of parameters derived from photoelectron spectra of model compounds.37•40•41 The orbitals whose electrons are photoejected, corresponding to each band in the spectrum, are interpreted as linear combinations or mixtures of appropriate functions representing structural units in the molecule which transform the same way under one of the several symmetry operations of the molecular symmetry group. For planar unsaturated molecules, these functions, termed "out-of-plane localized orbitals" by Kimura et al., 19 represent 11 bonds and linear combinations of CH bonds. The latter, called n(CH 3 ), are antisymmetric under reflection in the molecular plane and take the form 40
where Y is a phase angle related to the rotational orientation of the CH 3 structure and the CH 1 (i = 1, 2, 3) are functions which represent the three CH bonds of a methyl group. The theory yields the secular determinantal equation (3) where E 11 are energy parameters associated with structural units in the molecule and are obtained from spectral peak positions of model compounds, J1. represents an eigenvalue, and o 11 is the usual Kronecker delta symbol. As an example, the E matrix and the functions representing structural units for tetramethylethylene are described in the Appendix.
The relevant parameters for the methyl-substituted ethylenes are the energies of the carbon-carbon double bonds (d), of the n(CH 3 ) structural units (m), of the interaction of a n(CH 3 ) unit with a carbon-carbon double bond (x), and of the interaction of two n(CH 3 ) structures attached to the same st/' hybridized carbon (y). Uncertainties in the band-weighted I. P. of methane have yielded a wide variation of the parameter m (13. 7-14. 
y-o. 2 eV •
A list of sample eigenvalues and eigenfunctions we obtained by this approach is given in Table VI. We find trends in the eigenvalues and eigenfunctions which are relatively insensitive to the choice of parameters and are expected to be valid even if the collection of parameters used is not completely optimized for fits to peak positions in the photoelectron spectra of related compounds. Conclusions which we derive from these calculations are: (1) The 11 ionization potential, corresponding to the lowest eigenvalue, is lowered with increasing methyl substitution. (2) The largest eigenvalue for out-of-plane structural units is typically in the range 14. 5-16. 5 eV, depending on the choice of parameters. It increases with increasing methyl substitution. (3) When two or more methyl groups are substituted on the ethylene frame, all other eigenvalues cluster about m.
(4) All but the lowest eigenvalue correspond to electronic bands within the carbon 2Pa region of the photoelectron spectrum. (5) The eigenfunctions corresponding to the highest and lowest eigenvalues have nonzero coefficients for 1T(C=C) and for the various 1T(CH 3 ). All other eigenfunctions have either zero coefficient of 1r(C=C) (as a consequence of the molecular symmetry) or a small value for this coefficient (in the case of the 2a" orbital of trimethylethylene). (6) With increasing methyl substitution, the coefficient of 1T(CH 3 ) increases for the eigenfunction corresponding to the lowest eigenvalue (largely 1T ionization) with increasing methyl substitution. (7) Conversely, with increasing methyl substitution, the coefficient of 1T(C=C) increases for the eigenfunction corresponding to the highest eigenvalue.
Eigenvalue trends have been tested against experimental vertical ionization potentials of the 2p1T and 2pa bands in the photoelectron spectra of methylated ethylenes.
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Much of the experimental a structure in the photoelectron spectra overlaps grossly, and it is very difficult to unambiguously assign particular features of the latter to loss of out-of-plane orbital electrons. In isobutylene, trimethylethylene, and tetramethylethylene, the highest eigenvalue is predicted to lie at the higher I. P. end of the 2Pa region of the spectrum where overlap with other 2Pa bands is minimized.
Out-of-plane ionizations lacking 1r(C=C) contributions
In the previous subsection we have shown that the mixing model predicts that in the central part of the 2pa region of the photoelectron spectrum (around 14. 2 ev I. p. or 7 eV photoelectron energy), the out-of-plane ionizations do not contain 1T(C=C) contributions. This facilitates the analysis of this spectral region. In it, {3 2~ varies slowly and monotonically with photoelectron energy (see for the complete set of methylated ethylenes. The mixing model predicts the existence of some out-of-plane orbital electron ionizations in this region. Their number, however, is smaller than the total number of bands predicted (see Sec. IV A), which means that several in-plane orbital ionization bands also occur in the same region of the spectrum. For example, for isobutylene, we have two out-of-plane bands in the ionization energy region between the lowest 1T ionization and the lowest 2sa ionization, whereas a total of seven bands is predicted. Therefore, there exists an additional five in-plane bands, some of which must overlap significantly with the out-of-plane one around 14.2 eV. As a result, one might expect a rather sharp change of {3 with photoelectron energy across a region of the photoelectron spectrum over which the relative contributions of the outof-plane and in-plane bands change significantly. That such a sharp change is not observed in the I. P. region around 14.2 eV is suggestive that these two kinds of bands have {3 values which are very close to one another. 
Out·of-plane ionizations having 71'(C=C) contributions
We now consider the lowest I. P. 2p7t bands and the high I. P. region of the 2pa bands. The discussion of Sec. IV C1 showed that, according to the mixing model, these bands involve ionization from orbitals which contain both 11(C=C) and 11 (CH 3 ) contributions (see Table V ).
Let us analyze the effect of this mixing on i3 values.
The resonant mixing of the 11(CH 3 ) and the 11(C=C) electrons can be crudely described by writing the resulting hybrid orbital <P as a linear combination of the orbitals ¢ 1 and ¢ 2 which correspond respectively to those types of electrons, (4) Within the single configuration linear combination of atomic orbitals-molecular orbital (LCAO-MO) approximation, the angular dependence of the photoelectron differential cross section comes from the square of the absolute value of the matrix element (<P.I i · r 1 C 1 ¢ 1 +C 2 ¢ 2 ), where <P. is the wave function of the ejected photoelectron, i is the unit vector in the polarization direction of the light beam, and r is the position vector of the electron. 21 Multiplying this transition amplitude by its complex conjugate leads to four terms, two of which are interference cross terms which we ignore in this simplified analysis. Such an approximation is valid at high energies. 43 Of the other two terms, one contains the angular dependence parameter !3 1 of the photoelectrons ejected from the ¢ 1 orbital and the other contains !3 2 which is associated with photoionization from the ¢ 2 orbital. The resulting value of i3 from this hybrid orbital <P will, as a result, be a linear combination of these two 'i3's,
where a 1 and a 2 are the corresponding integral photoionization cross sections corresponding to the orbitals ¢ 1 and ¢ 2 • We take for {:3 2 the value for the vertical C-C 11 band in ethylene which is 1.25 at E 0 =10. 71 eV. The value of !3 1 for the 11(CH 3 ) orbital is obtained from extrapolating the i3 values for the 2pa region of the molecule being considered to the photoelectron energy of the mixed orbital in question. Under conditions for which the cross terms C~Ca can be neglected, the expression for i3 at photoelectron energy E 8 for a molecule obtained from ethylene by replacing n H atoms by methyls becomes Table VI , and is therefore independent of photoelectron energy.
For ionization of the lowest 11 orbital of the methylated ethylenes, Eq. (6) furnishes
where the superscript 11 refers to ionization of the 11 electron of the n-methylated ethylene. We would like to compare the values of f~(n) obtained from our measurements of !3•(n, E) extrapolated to E = 10. 71 eV and Eq.
(7) with the LCBO values. Since we know that /3,(0, 10. 71 eV) = 1. 2 5 (see Table V We now attempt to use this mixing model to explain the increase of P2Pa with photoelectron energy around E 8 = 5. 5 eV displayed in Figs. 6-8. For ionization of these a bands, Eq. (6) yields
We obtain a crude estimate of f3.,(0, 5. 5 eV) by linearly extrapolating the curves of Fig. 9 for E 8 > 7 eV down to E.= 5. 5 eV. The differences between those extrapolated values and the measured values of f32Pa at that energy are given in Table VII , together with other relevant information about the 2pa bands for the molecules we studied. In order to go through an argument similar to that for ionization of the 11 band given above, we also need to estimate {:l.(O, 5. 5 eV). There is no way of making such an estimation from presently available data, and as a result we resort to a simpler qualitative argument. From the fifth column of 6-8 and the mixing model we should get not only 13. < {:l 2 J>a but also 13.<0. 4. Independently of this mixing model, we can estimate the value of {:l. for ethylene near 5. 5 eV photoelectron energy on the basis of previous calculations and experiments for related carbon-containing molecules. Kinsinger and Taylor 34 measured a 13. value of -0. 5 for the benzene 7T orbitals in this energy region. Lohr's calculation44 using C 2 as a model for ethylene gives a {:l. value near -0. 8 We can thus estimate that the fJ. value for ethylene at about E = 5. 5 eV should be close to zero. This value is lower than that of i3a(O, 5. 5 eV) and is consistent with the mixing model.
V. CONCLUSIONS
From first principles, we would expect the necessity to measure photoelectron angular distributions at anumber of photon wavelengths in order to determine the electron energy variation of /3. For polyatomic molecules, the photoelectron angular distributions measured at a single photon energy incorporate much of this information already. If we are judicious, we can infer the variation of f3 across vibrational envelopes. This is so because, in the absence. of autoionization, the variation of f3 across a vibrational envelope is almost equivalent to its photoelectron energy dependence. This seems to be the case, in the present studies, for the 7T-band ionizations of ethylene and its methyl-substituted derivatives. Also, the variation of {:l within a set of ionizations of closely related orbitals should reflect the energy variations for any of the members of the set. For example, the several 2pa bands of each of the methyl substituted ethylenes were found to behave, in their photoelectron energy dependence of f3, as if they constituted a single band, in spite of the fact that they do not necessarily have the same group theoretical symmetry designation.
The values of {:l are sensitive to the presence of through-bond mixing of orbitals of different types. Measured values of {:l in these mixed systems take on values intermediate between {:l values measured for unmixed systems. Therefore, the deviation from the unmixed value of /3 for the principal subunit, as the deviations of {3. for the set of methyl-substituted ethylenes from the measured ethylene value, can be used to infer the extent of through-bond cr-7T mixing. The effects of mixing are reciprocal. The {3 values for the a region are perturbed by the 7T orbitals as well.
In order that these preliminary conclusions, based as they are on photoelectron spectra and {3 values obtained at a single photon energy, be adequately tested, it would be highly desirable to perform experiments using a variable photon energy source, analogous to the synchrotron radiation studies of oxygen done by McCoy et al. 46 The apparatus used in such experiments should have a very high collection efficiency, since under equivalent experimental conditions the counting rates for hydrocarbons of the type considered in the present paper are much smaller than those for diatomic molecules.
In addition, theoretical calculations of reliable quality of the dependence of {3 on photon energy and on orbital type would obviously be very useful. Related theoretical studies on simple systems have recently been performed.47•48 However, for the kinds of molecules studied in the present paper, the calculations needed may not be feasible for some time yet. Experimental measurements, including the present ones, may help guide such calculations.
APPENDIX
We illustrate in this appendix the calculation of the eigenvalues 1J. for the out-of-plane orbitals of tetramethylethylene. Using the methyl labeling of the methylsubstituted ethylenes given at the bottom of Table VI, we designate the functions which represent the "out-ofplane localized orbitals" as 1r(CH~0 ), i=1, 2, 3, 4. Those characteristic groups interact with the ethylenic 1r orbital labeled 7T(C=C).
The energy matrix Eu is symmetric and has diagonal elements which correspond to the I. P.'s of the three functional groups. Its elements are obtained from an equivalent orbital 26 analysis of appropriately chosen related hydrocarbons: ethylene, methane, isobutylene, 1, 3-butadiene, and 1, 4-cyclohexadiene. E 11 (=d) is the I. P. of the 1r{C=C) group and is set equal to the 1r band vertical I. P. of ethylene. Eu ( =m), i = 2, 3, 4, 5 is the I. P. of the 7T(CH 3 ) group and is set equal to a bandweighted average of the fa electron ionization band 19 • 27 • 41 of methane. The off-diagonal elements Eu represent the interaction energies between the five characteristic groups. E 11 (=x), i = 2, 3, 4, 5 is the interaction energy between the 1r{CH~il) and the 1r(C=C) orbitals. It is set equal to twice the difference between the average of the lowest two I. P .'s of 1, 4-cyclohexadiene and the corresponding average for butadiene. 41 • 49 E 23 =E 34 (=y) is the interaction energy between 1r(C~u) and 7T(CH~2 l ), or 11(CHi 31 ) and 1r(CHi 4 '). It is obtained from the spectra of isobutylene. 27 The interaction energy between 7T(CH 3 ) groups not attached to the same sp2 hybridized carbon atom, E 24 IJ. 4 The eigenvector corresponding to llt is calculated from the matrix equation and requiring each eigenvector to be normalized. The symmetry designation of each out-of-plane localized orbital is determined from the transformation properties of the eigenvectors relative to reflection and rotation operations of the symmetry group of the molecule being considered.
